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Siderophores are small molecules produced by bacteria that bind ferric iron in the surrounding environment with extraordinary affinity. A new study provides evidence that a simple animal host, Caenorhabditis elegans, co-opts siderophores to promote its own iron acquisition and growth.
Iron has a central role in the conflict between microbial pathogens and their animal hosts. The microbial acquisition of iron is crucial to virulence, and host sequestration of iron is a pivotal effector mechanism of immune defense (Cassat and Skaar, 2013) . But how might a common requirement for a limited and precious element play out in the setting of friendly competition between an animal host and commensal microbe? In this issue of Cell, Qi and Han (2018) describe evidence supporting a new paradigm for iron uptake by animals in which siderophores that are utilized by bacteria to acquire iron from the environment are co-opted by an animal host to promote its own growth.
The authors have previously established a pleasingly simple experimental system to define the micronutrient requirements of the simple animal host Caenorhabditis elegans. C. elegans is a bacteriovore that requires live bacteria for optimal growth and development. The authors take advantage of the ability of C. elegans to grow and develop normally on agar plates seeded with live, but not heat-killed, Escherichia coli. Previously, the authors used this experimental system to define a requirement of C. elegans for vitamin B2, riboflavin (Qi et al., 2017) . And Watson et al. (2014) had conducted a systemslevel metabolic investigation of the differential growth rates of C. elegans on different bacterial species to identify a benefit of vitamin B12 on growth and development of C. elegans. These prior elegant studies confirmed that the dependence of animal growth and development on these celebrated vitamin micronutrients was conserved in C. elegans but also served to illustrate the power of dissecting micronutrient requirements derived from the bacterial food source. Now, Qi and Han take a forward genetic approach in their experimental system to identify an entirely unanticipated bacterial molecule that promotes C. elegans growth.
The authors screen an E. coli mutant library to identify bacterial mutants on which C. elegans exhibited suboptimal growth and development. From the molecular characterization of bacterial mutants defective in supporting optimal larval development and growth of C. elegans, the authors identify five genes involved in the biosynthesis of the siderophore enterobactin (Raymond et al., 2003) (Figure 1 ). Differences in bacteria are known to affect C. elegans growth, and one might anticipate that the absence of enterobactin under nematode growth conditions could alter the bacteria, affecting its nutritional value to the C. elegans host. To address this possibility, the authors show that a mutation in the enterobactin receptor, FepA, which enables E. coli to take up enterobactin liganded to ferric iron, has no effects on the ability of the mutant E. coli to support normal rates of C. elegans growth and development. Moreover, the addition of enterobactin rescues C. elegans growth and development defects present when propagated on enterobactin-deficient mutants of E. coli. These data suggest that C. elegans growth and development is promoted by the presence of enterobactin. Enterobactin promotes optimal growth of C. elegans but is alone not sufficient to rescue the growth defects of C. elegans propagated on heat-killed bacteria, which is evidently lacking in multiple micronutrients. Consistent with a role for enterobactin in promoting C. elegans growth by facilitating iron acquisition, the authors show that the expression of genes induced by increased iron levels, such as ftn-2, homolog of the iron storage protein ferritin, was markedly attenuated when C. elegans was propagated in the presence of mutant enterobactin-deficient bacteria.
The authors then adopt a biochemical approach to explore the mechanistic basis for the underlying effects of enterobactin on C. elegans growth and development. ATP-1, the alpha subunit of mitochondrial ATP synthase, is found to bind enterobactin in lysates of C. elegans. Moreover, functional data utilizing knockdown of atp-1 suggest that enterobactin-dependent effects on C. elegans iron levels, specifically mitochondrial accumulation of iron as detected by a fluorescent iron indicator, are dependent on ATP-1. Finally, the authors show that the physical interaction between the human ATP-1 homolog and enterobactin, and corresponding effects on mitochondrial iron levels, can be detected in cultured cells. The authors present a model in which enterobactin-Fe 3+ complexes are sequestered in mitochondria through binding of ATP-1. The data are consistent with this model, but definitive validation awaits the identification of a mechanism by which mitochondria can release iron from enterobactin, presum-ably in some manner analogous to the enzymatic hydrolysis of the enterobactin backbone that releases iron to intracellular stores in bacteria. That is, if enterobactin is being productively co-opted by animals to uptake iron, then there must be a corresponding mechanism to liberate the iron.
Intriguingly, previous work has suggested that other iron chelators and siderophores, produced by Pseudomonas aeruginosa, may be toxic to mitochondria of C. elegans under liquid assay conditions (Kirienko et al., 2013; Kirienko et al., 2015) . Qi and Han observe specificity for enterobactin in conferring the observed beneficial effects on C. elegans growth. Further interesting work will be needed to understand the mechanistic basis of the contrasting toxic and beneficial effects of siderophores on the C. elegans host. However, it is interesting to note that these contrasting effects with different bacterial siderophores mimic the double-edged nature of iron, which is both essential but toxic at high concentrations.
Mammalian innate immune responses produce the effector lipocalin 2, which can bind enterobactin-Fe 3+ , presumably to sequester these complexes away from iron-seeking bacterial pathogens (Flo et al., 2004; Neumann et al., 2017) . The remarkable observations of Qi and Han suggest, in contrast, the complete hijacking of enterobactin for purposes of host iron acquisition, which they suggest may be a distinct mode of interaction with siderophores produced by nonpathogenic commensal bacteria. Genetic analysis of heme uptake of C. elegans has identified evolutionarily conserved mechanisms of heme trafficking (Rajagopal et al., 2008) . The work of Qi and Han raises the exciting possibility that enterobactin may also have a conserved role at the intersection of iron metabolism and microbiota interactions with more complex hosts. The experimental system of Qi and Han is based on the ability of the bacteriovore C. elegans to develop and grow optimally in the presence of live bacteria, whereas C. elegans cannot grow on heat-killed bacteria. When C. elegans are propagated in the presence of E. coli mutants defective in enterobactin as a food source, their rate of larval development and growth is slowed compared to when feeding on wild-type E. coli.
